There has been an increasing interest in the use of Acoustic Doppler Current Profilers (ADCPs) to characterise the hydraulic conditions near river engineering structures such as dams, fish passes and groins, as part of ecological and hydromorphological assessments. However, such ADCP applications can be limited by compass errors, obstructed view to navigation satellites, frequent loss of bottom tracking and spatially heterogeneous flow leading to erroneous water velocity measurements. This study addresses these limitations by (i) developing a heading sensor integration algorithm that corrects compass errors from magnetic interference, (ii) testing a Total Station based technique for spatial ADCP data referencing and (iii) evaluating a recently proposed data processing technique that reduces bias from spatial flow heterogeneity. The integration of these techniques on a radio control ADCP platform is illustrated downstream of a weir with fish pass on the River Severn, UK. The results show that each of the techniques can have a statistically significant effect on the estimated total water velocities and can strongly affect measures of vorticity. The obtained three-dimensional flow maps are suitable to describe the magnitude and orientation of the fish pass attraction flow in relation to competing flows and to highlight areas of increased vorticity. were then replaced by corrected heading values H CORR , which were computed as shown in Equation (1):
INTRODUCTION
WorkHorse RioGrande ADCP). Nystrom et al. () argued that the distance between the beam footprints is comparable to the size of large-scale turbulence, so that the assumption of homogeneous flow can easily be violated in spatially complex hydraulic conditions. The data postprocessing method suggested by Vermeulen et al. () can avoid this bias by reducing the velocity sampling volume assumed to be homogeneous. The method uses a least squares procedure to estimate the 3D velocity vector that fits best to a set of along-beam velocities measured in similar locations during repeated cross-sectional measurements. However, the approach has not been tested in ADCP applications near flow obstacles.
The aim of this study was to integrate ADCPs with external sensors and novel data processing techniques for the accurate, in-field and rapid quantification of the spatially continuous 3D water velocity distribution near fish pass entrances. This was achieved through three core objectives: 
METHODS
Case study site were then replaced by corrected heading values H CORR , which were computed as shown in Equation (1):
where H COMP are the ADCP compass heading data, H IMU are the IMU heading data, i is the ADCP ensemble index and d is the distance in the data series from i to the centre position of the closest previous window with unbiased ADCP compass data. If the beginning of the compass data series was biased, H CORR was computed as follows:
with d becoming the distance from i to the centre position of the closest subsequent window with unbiased compass data. Figure 3 illustrates the implementation of the algorithm using data collected at a river cross section with a steel hulled narrowboat moored on one of the river banks and affecting the local magnetic field.
The error in the compass heading ε H was defined as shown in Equation (3):
The effects of the circular nature of degrees were accounted for (e.g. if H COMP ¼ 3 and
Spatial data referencing
The ADCP data were spatially referenced using the tracking TS. The ADCP positions were transformed to global positions in the UTM coordinate system based on reference measurements with a differentially corrected GPS (Trimble GeoExplorer 6000 GeoXH). The positioning error (ε p )
caused by the temporal offset (Δt) between ADCP and TS data was estimated as follows: (ii) with unrealistically high BT-based total boat velocity magnitudes (>1.4 ms -1 ). The error (ε B ) in the total TS-based boat velocity (B T , TS ) was estimated as shown in Equation (5):
To assess whether B T, BT was directionally biased by a non-stationary channel bed, moving bed tests were performed in three locations of the study area ( Figure 2 ) for durations of at least 400 s each. ) and defined as follows:
where V m, measured and V m, predicted are the water velocities obtained through the method by Vermeulen et al. () and predicted through kriging in the same location, and m ¼ {str, crs, up}, which are the velocity directions in the stream coordinate system. The cross-validation was carried out for a sample of 1,000 points randomly selected out of the 10,371 measurements.
Effect of data correction techniques
To assess the effects of the suggested techniques, namely (i) 
RESULTS

Compass correction
The ADCP-IMU integration algorithm corrected 836 ensembles (4.8% of the total number of ensembles) potentially affected by compass errors. Table 1 and Figure 5 show the statistical and spatial distribution of the detected errors.
The differences in V T obtained with and without compass correction (all other processing steps held constant) were significant in statistical terms (α ¼ 0:05), but subtle in physical terms for all cross sections and horizontal planes analysed (Table 2) .
Spatial data referencing
The temporal offset between the ADCP and the TS data translated to an average positioning error of 0.021 m and the TS-based and BT-based boat velocities showed a mean difference of 0.047 ms -1 (Table 1 and Figure 6 ). (Table 2) . For cross section d, the uncorrected loss of BT led to an increase in the areaweighted vorticity by more than 30%. The total number of cells for which 3D velocities could be estimated and the average number of along-beam velocity The results of the cross-validation for the spatial water velocity interpolation are shown in Table 1 and Figure 9 .
3D water velocity estimation
The use of the 3D velocity estimation by Vermeulen et al.
() instead of the conventional repeated transect processing method led to statistically significant (α ¼ 0:05) changes in V T for three of the five sections analysed (Table 2) . Moreover, using the method by Vermeulen et al.
() highlighted a decrease in the area-weighted absolute vorticity from cross sections b-d by 15%, whereas the conventional procedure resulted in the same vorticity estimates for both cross sections. While not investigated here, it may also impact the spatial correlation of the respective velocity components identified in kriging and the resulting interpolation.
3D flow and bathymetry at the study site Overall, the integration of the suggested ADCP data correction techniques had a statistically significant effect on the estimated velocity magnitudes and, for some cross sections, strongly affected the estimated area-weighted vorticity (Table 2) . At the particular case study site in Shrewsbury, the correction of errors in the ADCP-internal compass was the only measure with a statistically significant effect on the 
